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Technology that provides control over transgene

expression has several potential applications for both

basic plant biology research and in production agricul-

ture. In plants, control of transgene expression is com-

monly achieved through the use of an inducible

promoter system that transactivates the transgene in

response to an exogenous inducer. There are a number

of circumstances in which it is advantageous to use an

inducible gene regulation system [1,2], the most obvi-

ous being when introducing transgenes whose constitu-

tive expression is detrimental or even lethal to the host

plants [3]. Moreover, inducible gene expression systems

provide more precise regulation and function of the

target gene when compared to constitutive promoters.
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In plants, regulation of transgene expression is typically accomplished

through the use of inducible promoter systems. The ecdysone receptor

(EcR) gene switch is one of the best inducible systems available to regulate

transgene expression in plants. However, the monopartite EcR gene

switches developed to date require micromolar concentrations of ligand for

activation. We tested several EcR mutants that were generated by changing

one or two amino acid residues in the highly flexible ligand-binding domain

of Choristoneura fumiferana EcR (CfEcR). Based on the transient expres-

sion assays, we selected a double mutant, V395I + Y415E (VY), of CfEcR

(CfEcRVY) for further testing in stable transformation experiments. The

CfEcRVY mutant only slightly improved the induction characteristics of

the two-hybrid gene switch, whereas the CfEcRVY mutant significantly

improved the induction characteristics of the monopartite gene switch

(VGCfEVY). The ligand sensitivity of the VGCfEVY switch was improved

by 125–15 625-fold in different transgenic lines analyzed, compared to the

VGCfEWt switch. The utility of the VGCfEVY switch was tested by regulat-

ing the expression of an Arabidopsis zinc finger protein gene (AtZFP11) in

both tobacco and Arabidopsis plants. These data showed that the

VGCfEVY switch efficiently regulated the expression of AtZFP11 and that

the phenotype of AtZFP11 could be induced by the application of ligand.

In addition, the affected plants recovered after withdrawal of the ligand,

demonstrating the utility of this gene switch in regulating the expression of

critical transgenes in plants.

Abbreviations

AD, activation domain; CfEcR, Choristoneura fumiferana ecdysone receptor; CfEcRVY, double mutant, V395I + Y415E, of

Choristoneura fumiferana ecdysone receptor; CH9, chimera 9; DBD, DNA-binding domain; EcR, ecdysone receptor; FMV, figwort mosaic

virus; HsRXR, Homo sapiens retinoid X receptor; LBD, ligand-binding domain; LmRXR, Locusta migratoria retinoid X receptor; MMV,

mirabilis mosaic virus; qRT-PCR, quantitative RT-PCR; RE, response element; RLU, relative light units; RXR, retinoid X receptor.

FEBS Journal 275 (2008) 2161–2176 ª 2008 FEBS No claim to original US government works 2161



Among various inducible gene regulation systems

available, chemical-inducible systems provide an essen-

tial tool for the control of in vivo transferred genes.

During the past decade, several chemical-inducible

gene expression systems have been developed for appli-

cations in plants [3–19]. The utility of such a system is

determined mainly by there being undetectable expres-

sion of the transgene prior to application of the indu-

cer chemical, and the induced gene expression levels

being comparable to or higher than with a strong con-

stitutive promoter such as the CaMV 35S promoter

[14]. In addition, the optimal chemical-inducible system

would employ an inexpensive, nontoxic inducer whose

application can be fully controlled, that does not cause

pleiotropic effects, that functions in a dose-dependent

manner, and that ceases induction upon its removal

[14]. Although several chemical-inducible gene expres-

sion systems have been described for plants, most

inducers, including tetracycline, copper and steroid

hormones, are not suitable for field applications, due

to the nature of the chemicals and their possible effects

on the environment [3,4,8,9,16,20–23]. The ethanol

switch derived from the filamentous fungus Aspergil-

lus nidulans has been shown to be useful in regulating

transgene expression in several plant species, including

tobacco, oilseed rape, tomato, and Arabidopsis

[7,13,24–26]. Although ethanol can be used to regulate

transgene expression under field conditions, the

alcR ⁄ alcA system has some limitations under in vitro

conditions [13,27].

Synthetic transcriptional activators have been devel-

oped for use in plant systems to induce gene expres-

sion in response to mammalian steroid hormones

(dexamethasone and estradiol), and both steroidal and

nonsteroidal agonists of the insect hormone 20-hydrox-

yecdysone [3,4,6,17,28–31]. The nuclear receptors used

in monopartite gene switch format generally consist of

a transcriptional activation domain fused to a DNA-

binding domain (DBD) and a ligand-binding domain

(LBD). The chimeric gene (transactivation domain–

DBD–LBD) is expressed under the control of a con-

stitutive promoter. In the presence of a specific ligand,

the fusion protein translocates into the nucleus, binds

the cognate response elements (REs), and transcrip-

tionally activates the reporter gene (Fig. 1). LBDs

from the ecdysone receptor (EcR) of Drosophila mela-

nogaster [32,33], Heliothis virescens [30,31], Ostrinia

nubilalis [2] and Choristoneura fumiferana [12] have

been used to create EcR-based gene regulation sys-

tems for applications in plants. Among them, the

C. fumiferana EcR-based system, which responds

exclusively to nonsteroidal ecdysone agonists such as

methoxyfenozide, was demonstrated to induce greater

levels of transgene expression than the CaMV 35S

promoter in transgenic tobacco and Arabidopsis plants

[1,12]. All monopartite EcR-based gene switches devel-

oped to date require micromolar concentration of

methoxyfenozide for activation of the transgene; 61.3–

122 lm methoxyfenozide was required to activate a

coat protein gene in transgenic Arabidopsis plants [1],

10–30 lm methoxyfenozide was required to activate

reporter gene expression in transgenic tobacco and

Arabidopsis plants [12], and 1200 mg of methoxyfen-

ozide was required to induce MS45 in maize [2]. This

certainly limits the usefulness of these gene switches

for large-scale applications.

Recently, we have developed a two-hybrid EcR gene

switch with high ligand sensitivity and low background

expression levels when compared to the earlier versions

of EcR gene switches [14]. The chemical-inducible gene

regulation system based on the two-hybrid gene switch

requires three expression cassettes, two receptor

expression cassettes, and one reporter or target gene

expression cassette, as compared to the monopartite

gene switch, which is composed of one receptor cas-

sette and one reporter gene expression cassette (Fig. 1).

In a two-hybrid switch format, the GAL4 DBD was

fused to the LBD of the C. fumiferana ecdysone recep-

tor (CfEcR), and the VP16 activation domain (AD)

was fused to the LBD of Locusta migratoria retinoid X

receptor (LmRXR) or Homo sapiens retinoid X recep-

tor (HsRXR). The ligand sensitivity of the EcR gene

switch was improved by using a CfEcR + LmRXR

two-hybrid switch, and reduced background expres-

sion levels were achieved by using the CfEcR +

HsRXR two-hybrid switch [14]. By using a chimera

between the LmRXR and HsRXR LBDs as a partner

of CfEcR, we were able to combine these two impor-

tant aspects of the gene switch together and develop

a tight EcR gene regulation system with improved

ligand sensitivity and reduced background expression

in the absence of chemical ligand [15]. Our previous

studies [14,15] were focused on the optimization of

the EcR partner, RXR, to improve the performance

of the EcR gene switch. The present study was

focused on manipulating EcR by testing different

CfEcR mutants in both two-hybrid and monopartite

switch formats.

We predicted that the sensitivity of the EcR gene

switch could be improved by changing critical amino

acid residues in the ligand-binding pocket of EcR,

because the crystal structure of the H. virescens ecdy-

sone receptor exhibited a highly flexible ligand-binding

pocket [34]. Mutational analysis in the LBD of CfEcR

showed that the ligand-binding pocket of this EcR is

highly flexible and that a single amino acid substitu-
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tion can result in significant changes in ligand binding,

transactivation activity, and specificity [35,36]. Kumar

et al. [35] demonstrated that substitution of alanine by

proline at position 110 of the EcR from C. fumiferana

resulted in loss of response to ecdysteroids, such as

PonA and MurA, but not to synthetic nonsteroidal

compounds, suggesting that the EcR-based gene

expression system can be more tightly controlled by

synthetic ecdysone agonists even in ecdysteroid-rich

organisms. These studies, along with the other pub-

lished reports [34,36], show the extreme flexibility and

adaptability in the ligand-binding pocket of EcRs.

Therefore, the present study was designed to screen

several EcR mutants that were generated by changing

one or two amino acids in the LBD of CfEcR. These

EcR mutants were evaluated for their efficiency in

transactivating transgene expression in both two-

hybrid and monopartite gene switch formats by

electroporating the plasmid DNA into tobacco pro-

toplasts. On the basis of the transient expression stud-

ies, we selected a double mutant (V395I + Y415E) of

CfEcR (CfEcRVY) for additional stable transformation

experiments to evaluate regulation of the expression

of the luciferase reporter gene in both two-hybrid

(GCfEVY + VCH9) and monopartite (VGCfEVY)

switch formats. In addition, we also tested the utility

of the VGCfEVY switch in regulating the expression of

a zinc finger protein transcription factor isolated from

Arabidopsis thaliana (AtZFP11) in both Arabidopsis

and tobacco plants.

Results

Selection of CfEcR mutants in transient

expression studies

A screen of different EcR mutants generated by chang-

ing one or two amino acids in the LBD of CfEcR were

carried out in a two-hybrid gene switch format to test

their ability to induce luciferase reporter gene expres-

sion when placed under the control of GAL4 REs and

a minimal 35S promoter. EcR mutants were coelectro-

porated with the constructs (Fig. 2) containing RXR

chimera 9 (CH9) (pK80VCH9) and the luciferase

reporter gene (pK80-46 35S:Luc) into tobacco protop-

lasts. The electroporated protoplasts were exposed to

different concentrations of methoxyfenozide, and lucif-

erase activity was measured 24 h after addition of

A C

D

EB

Fig. 1. Schematic representation of the chemical-inducible EcR gene regulation systems. Monopartite gene switch: the chimeric gene,

AD:DBD:EcR LBD, is expressed under the control of a constitutive promoter (A). Upon addition of the ligand, methoxyfenozide (M), the

fusion protein (AD:DBD:EcR) binds to five GAL4 REs located upstream of a minimal 35S promoter containing TATA box elements and trans-

activates the reporter gene expression (B). Two-hybrid gene switch: the chimeric genes, DBD:EcR LBD (C) and AD:RXR LBD (D) are under

the control of constitutive promoters. The heterodimer of these fusion proteins transactivates the reporter gene placed under the control of

five GAL4 REs and a minimal 35S promoter containing TATA box elements (E) in the presence of nanomolar concentrations of methoxyfe-

nozide. The two-hybrid gene regulation system requires two receptor gene expression cassettes (DBD:EcR and AD:RXR), whereas the

monopartite gene switch requires one receptor gene expression cassette (AD:DBD:EcR), to transactivate the reporter gene expression in

the presence of methoxyfenozide. 35S P, a constitutive 35S promoter; AD, Herpes simplex transcription activation domain; DBD, yeast

GAL4 DNA-binding domain; T, terminator sequence.
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ligand (data not shown). Two single mutants, H436E

(histidine at position 436 changed to glutamic acid)

and Q454E (glutamine at position 454 changed to glu-

tamic acid), and a double mutant, V395I + Y415E

(VY; valine at position 395 and tyrosine at posi-

tion 415 were changed to isoleucine and glutamic acid,

respectively), of CfEcR that showed higher ligand sen-

sitivity when compared to the wild-type EcR were

selected for further analysis. These three mutants were

used to carry out the methoxyfenozide dose–response

study in both two-hybrid (GCfEH436E + VCH9,

GCfEQ454E + VCH9, and GCfEVY + VCH9) and

monopartite (VGCfEH436E, VGCfEQ454E, and

VGCfEVY) switch formats and compared to the data

obtained from the gene switches containing wild-type

CfEcR (GCfEWt + VCH9 and VGCfEWt).
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Effect of CfEcR mutations on the performance

of the two-hybrid gene switch

The CfEcRH436E and CfEcRQ454E mutants, when

coelectroporated with RXR CH9 in a two-hybrid switch

format, showed higher levels of background luciferase

activity in the absence of ligand when compared to

CfEcRWt. The background expression level of the

luciferase reporter gene when coelectroporated with

CH9 and the CfEcRVY double mutant was almost same

as that of the background luciferase activity observed

with CH9 and CfEcRWt (Fig. 3A). The relative light

units (RLU) per microgram of protein of luciferase

reporter gene expression differed by several orders of

magnitude between the three different EcR mutants

tested in transient expression studies. The differences in

luciferase activity observed with different EcR mutants

in the absence of ligand are reflected in fold induction

values (Fig. 3B). The background luciferase activity as

well as the magnitude of induction was several times

Fig. 2. Schematic representation of gene switch constructs. (A) The pK80VCH9 VP16 AD fusion of RXR CH9 was cloned into the pKYLX80

(pK80) vector. (B–E) GAL4 DBD fusions of the CfEcR LBD were cloned into the pK80 vector. pK80GCfEWt, pK80GCfEH436E, pK80GCfEQ454E

and pK80GCfEVY, receptor constructs where the GAL4 DBD was fused to either wild-type (Wt) EcR or EcR containing either H436E or

Q454E or VY mutations. (F–I) The pKYLX80 vector consists of a chimeric receptor gene where the CfEcR LBD was fused to the VP16 AD

and GAL4 DBD. pK80VGCfEWt, pK80VGCfEH436E, pK80VGCfEQ454E, pK80VGCfEVY: receptor constructs where the VP16 AD and GAL4 DBD

was fused to either wild-type EcR LBD or EcR containing H436E or Q454E or VY mutations respectively. (J) pK80-46 35S:Luc: the reporter

gene expression cassette was constructed by cloning the luciferase reporter gene under the control of a minimal promoter ()46 35S) and

GAL4 REs. (K) p2300GCfEVY:VCH9:Luc: T-DNA region of the pCAMBIA2300 binary vector showing the assembly of CfEcRVY (FMV:GCfEVY:

UbiT), CH9 (MMV P:VCH9:OCS T) and luciferase gene expression cassettes. (L) p2300VGCfEVY:Luc: T-DNA region of the pCAMBIA2300

binary vector consists of an MMV promoter-driven CfEcRVY expression cassette (MMV P:VGCfEVY:OCS T) and luciferase reporter gene

expression cassette. (M) p2300VGCfEVY:AtZFP11: T-DNA region of the pCAMBIA2300 binary vector showing the receptor (MMV P:VP16

AD:GAL4 DBD:CfEcRVY:OCS T) and transgene (5· GAL4 RE:)46 35S:AtZFP11:rbcS T) expression cassettes. (N) p2300 35S:AtZFP11: T-DNA

region of the binary vector showing the assembly of AtZFP11 cloned under the control of the CaMV 35S promoter and rbcS terminator. 35S2 P,

a modified CaMV 35S promoter with duplicated enhancer region; rbcS T, Rubisco small subunit polyA sequence; FMV P, FMV promoter; Ubi T,

ubiquitin 3 terminator; MMV P, mirabilis mosaic virus promoter; OCS T, Agrobacterium tumefaciens octopine synthase polyA.

Fig. 3. Dose-dependent induction of the luciferase reporter gene by two-hybrid and monopartite gene switches. (A,B) Tobacco protoplasts

were electroporated with pK80VCH9 plus pK80GCfEWt, pK80GCfEH436E, pK80GCfEQ454E or pK80GCfEVY and reporter construct, and the elec-

troporated protoplasts were incubated in growth media containing 0, 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nM methoxyfenozide. (C,D)

Tobacco protoplasts were electroporated with pK80VGCfEWt, pK80VGCfEH436E, pK80VGCfEQ454E or pK80VGCfEVY and luciferase reporter

construct, and then incubated in 0, 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nM methoxyfenozide. The luciferase activity was measured after

24 h of incubation. RLU per microgram of protein shown are the mean of three replicates ± SD (A,C). Fold induction values (B,D) shown

were calculated by dividing RLUÆlg)1 protein in the presence of ligand with RLUÆlg)1 protein in the absence of ligand.
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higher with the CfEcRQ454E mutant than with either

wild-type EcR or with any other EcR mutants tested.

However, the luciferase reporter gene regulated by the

two-hybrid switch containing the CfEcRVY mutant

showed higher fold induction values than the the

switches containing other EcR mutants. Of the three

mutant EcRs tested in a two-hybrid gene switch format,

the switch containing the CfEcRVY double mutant

showed higher fold induction values. However, fold

induction values obtained with the two-hybrid switch

containing the CfEcRVY mutant were almost the same

as the values obtained with CfEcRWt when coelectropo-

rated with CH9. Although the VY mutant of EcR was

better than the other mutants tested, we did not find

significant differences between the CfEcRWt + CH9

and CfEcRVY + CH9 two-hybrid gene switches in

terms of background expression and ligand sensitivity.

VY mutations improve the ligand sensitivity

of the monopartite gene switch

Replacing CfEcRWt with the CfEcRH436E and

CfEcRQ454E single mutants did not improve the sensi-

tivity and background expression levels of the mono-

partite gene switch (VGCfE). However, replacing

CfEcRWt with the CfEcRVY double mutant resulted in

a significant improvement in the ligand sensitivity as

well as background expression of the monopartite gene

switch (Fig. 3C). The CfEcRVY mutant in a monopar-

tite switch format (VGCfEVY) resulted in low back-

ground levels of expression of the GAL4 RE-regulated

luciferase reporter gene in the absence of ligand when

compared to the monopartite switches containing

either CfEcRWt or the CfEcRH436E or CfEcRQ454E

mutants (Fig. 3C).

The ligand sensitivity of the monopartite switch was

improved 25-fold by using the CfEcRVY mutant as com-

pared to CfEcRWt. The VGCfEVY gene switch induced

luciferase activity that reached peak levels at 80 nm

methoxyfenozide as compared to the VGCfEWt switch,

where the maximum luciferase activity (seven-fold) was

observed at 10 000 nm methoxyfenozide. Moreover, at

all methoxyfenozide concentrations tested, the fold

induction values observed were higher with the

VGCfEVY switch than with the VGCfEWt, VGCfEH436E

or VGCfEQ454E monopartite gene switches (Fig. 3D).

VY mutations improve the performance of

the two-hybrid and monopartite switches in

transgenic Arabidopsis plants

The LBD of CfEcR containing the VY mutations

(GCfEVY) was cloned into a binary vector along

with VP16:CH9 (VCH9) and luciferase expression

cassettes to generate a two-hybrid gene switch

(p2300GCfEVY:VCH9:Luc) and VGCfEVY and lucif-

erase expression cassettes to provide a monopartite

gene switch (p2300VGCfEVY:Luc) for transformation

into Arabidopsis. T2 seeds collected from five inde-

pendent lines for two-hybrid and monopartite

switches were plated on agar media supplemented

with 50 mgÆL)1 kanamycin and 0 (dim-

ethylsulfoxime), 0.64, 3.2, 16, 80, 400, 2000 and

10 000 nm methoxyfenozide. After 20 days, three

seedlings from each plate were collected and assayed

separately for luciferase activity.

In the five T2 Arabidopsis lines containing a

two-hybrid (GCfEVY:VCH9) gene switch, the level of

luciferase reporter gene expression in the absence of

methoxyfenozide was indistinguishable from the back-

ground readings detected in the transgenic plants that

were transformed with a two-hybrid gene switch con-

taining wild-type EcR (GCfEWt:VCH9) [15]. In all five

lines tested, luciferase activity began to increase at the

lowest concentration (0.64 nm) of methoxyfenozide and

reached maximum levels at 3.2 or 16 nm, except in

line 1, where luciferase induction reached peak levels

with the application of 80 nm methoxyfenozide

(Fig. 4A). Although there was no significant difference

between the ligand sensitivities of the GCfEWt +

VCH9 and GCfEVY + VCH9 gene switches in the

transient expression studies (Fig. 3A,B), we did observe

significant differences in ligand sensitivity between

these two gene switches in transgenic Arabidopsis

plants. With employment of the GCfEVY + VCH9

two-hybrid gene switch, the luciferase reporter gene

reached peak levels at 3.2–16 nm methoxyfenozide, as

compared to the GCfEWt + VCH9 switch, which

required 16–80 nm methoxyfenozide to reach maximum

levels [15].

As compared to the VGCfEWt transgenic plants,

the plants that were transformed with the VGCfEVY

monopartite switch showed a significant increase in

ligand sensitivity and a conspicuous reduction in

the background reporter gene expression levels in the

absence of ligand. As shown in Fig. 4B, the

VGCfEWt gene switch plants showed maximum lucif-

erase activity at 10 000 nm methoxyfenozide. In all

five VGCfEVY lines tested, the maximum luciferase

activity was observed at 0.64–80 nm methoxyfenozide.

The maximum induction of luciferase gene activity

observed in different Arabidopsis lines transformed

with the VGCfEvy switch construct was 3.7–6.8

times higher than the luciferase activity observed

in the constitutively expressing 35S:Luc plants

(Fig. 4B).
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Stable transformation of Arabidopsis and

tobacco plants using the p2300VGCfEVY:AtZFP11

construct

The expression levels of the A. thaliana zinc finger pro-

tein gene (AtZFP11) in wild-type control Arabidopsis

plants are extremely low, and no mutant phenotype is

presently associated with this gene. This AtZFP11 pro-

tein caused mortality and a deformed phenotype when

overexpressed under the control of a CaMV 35S pro-

moter in both Arabidopsis and tobacco [37]. There was

difficulty in recovering healthy transgenic plants, and

the seeds collected from the transgenic tobacco

expressing AtZFP11 under the CaMV 35S promoter

failed to germinate on agar plates supplemented with

kanamycin [37] (V. S. Tavva, unpublished results).

Therefore, AtZFP11 is an ideal candidate for testing

the efficiency of the new monopartite EcR gene switch

(VGCfEVY) in plants.

We generated approximately 30 transgenic lines of

each tobacco and Arabidopsis plant using the

p2300VGCfEVY:AtZFP11 construct (Fig. 2M). Fewer

than 10% of the transgenic lines displayed an abnormal

phenotype in the absence of methoxyfenozide, and the

majority of the transformants grew well in the green-

house. Seeds were obtained from the majority of the

transgenic lines; the T2 seedlings were tested for inheri-

tance of the transgene by Southern blot analysis, and

the levels of receptor gene expression were tested at the

RNA level by northern blot analysis (data not shown).

To test the methoxyfenozide-mediated induction of the

AtZFP11 transgene and associated phenotype, at least

three independent transgenic lines each in Arabidopsis

and tobacco were subjected to methoxyfenozide in a

dose–response study. T2 Arabidopsis and tobacco seeds

were plated on agar media supplemented with kanamy-

cin and different doses of methoxyfenozide.

Both Arabidopsis and tobacco transgenic plants

expressing the AtZFP11 gene under the control of the

VGCfEVY monopartite switch showed no phenotypic

differences from wild-type control plants when grown

on media containing dimethylsulfoxime only (Figs 5A
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Fig. 4. Methoxyfenozide dose–response study with T2 Arabidopsis plants. Seeds collected from five transgenic lines for each construct,

p2300GCfEVY:VCH9:Luc (A) and p2300VGCfEVY:Luc (B), were plated on agar media containing different concentrations of methoxyfenozide.

Luciferase activity was measured in the seedlings collected at 20 days after plating the seeds on the induction medium. Luciferase activity

in terms of RLUÆlg)1 protein shown is the average of three replicates ± SD. The luciferase induction data collected from transgenic Arabidopsis

plants developed for the p2300VGCfEWt:Luc construct are also shown in (B). 35S:Luc represents the average luciferase activity collected

from five independent Arabidopsis plants developed for the p230035S:Luc construct. GCfEVY:VCH9:Luc, VGCfEVY:Luc and VGCfEWt:Luc:

data collected from the plants that were transformed with p2300GCfEVY:VCH9:Luc, p2300VGCfEVY:Luc and p2300VGCfEWt:Luc constructs

respectively.
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and 6A). The transgenic plants displayed an altered phe-

notype within 10 days of seed germination on the media

containing as little as 16 nm methoxyfenozide (Figs 5

and 6). The AtZFP11-induced phenotype was more con-

spicuous at higher doses of methoxyfenozide, and no

such phenotypes were observed in either Arabidopsis or

tobacco seedlings grown on agar media without meth-

oxyfenozide (Figs 5 and 6). Roots were thicker, rigid

DCBA

HGFE

Fig. 5. Methoxyfenozide-inducible AtZFP11 phenotype in Arabidopsis seedlings. Transgenic Arabidopsis seedlings expressing AtZFP11 under

the control of the VGCfEVY monopartite gene switch. Pictures were taken 20 days after plating the seeds on agar media containing different

methoxyfenozide concentrations. (A–H) Micrographs of the T2 transgenic Arabidopsis seedlings subjected to different methoxyfenozide

treatments: (A) 0 nM (dimethylsulfoxime); (B) 16 nM; (C) 80 nM; (D) 400 nM; (E,F) 2000 nM; (G,H) 10 000 nM. Bars ¼ 1 mm.

A B C

FED

Fig. 6. Methoxyfenozide-inducible AtZFP11 phenotype in tobacco seedlings. Transgenic tobacco seedlings expressing AtZFP11 under the

control of the VGCfEVY monopartite gene switch and methoxyfenozide. Seeds collected from the T2 transgenic tobacco plant developed

for the p2300VGCfEVY:AtZFP11 construct were plated on agar media containing 300 mgÆL)1 kanamycin and different concentrations of

methoxyfenozide. Pictures were taken 1 month after plating the seeds on different methoxyfenozide concentrations: (A) 0 nM (dimethyl-

sulfoxime); (B) 16 nM; (C) 80 nM; (D) 400 nM; (E) 2000 nM; (F) 10 000 nM.
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and branched, and the plants had green and shrunken

leaves, when compared to wild-type tobacco plants. We

have observed similar growth defects with transgenic

lines expressing AtZFP11 under the 35S promoter [37].

To determine whether or not the transgenic plants could

recover from the induced phenotype, tobacco seedlings

that were grown on inducing medium for 1 month were

transferred to fresh agar medium without methoxyfe-

nozide. When maintained on agar plates without meth-

oxyfenozide, tobacco seedlings that were transferred

from the plates containing 16, 80, 400 or 2000 nm

methoxyfenozide started recovering from the induced

phenotype (Fig. 7). Plants subjected to 10 000 nm meth-

oxyfenozide treatment recovered slowly from the

induced phenotype after 1 month following removal of

the ligand (Fig. 7).

Quantitative RT-PCR (qRT-PCR) analysis of meth-

oxyfenozide-inducible AtZFP11 expression level

To further analyze methoxyfenozide-inducible

AtZFP11 expression, AtZFP11 mRNA levels were

quantified using qRT-PCR in both Arabidopsis and

tobacco seedlings that were subjected to different

methoxyfenozide treatments and compared with

CaMV 35S:AtZFP11-overexpressing plants and wild-

type control plants. Low AtZFP11 mRNA levels were

observed in both Arabidopsis and tobacco transgenic

plants constitutively expressing AtZFP11 under the

35S promoter (Fig. 8A,B). This is presumably due to

AtZFP11 causing mortality and a deformed pheno-

type. We had difficulty in recovering both Arabidopsis

and tobacco 35S:AtZFP11-expressing lines. Both

Arabidopsis and tobacco transgenic plants showed low

AtZFP11 expression in the absence of ligand, and

induced expression levels were higher than the levels

detected in transgenic plants where AtZFP11 was

placed under the control of the 35S promoter (Fig. 8).

The maximum induction of AtZFP11 expression was

observed at 80 nm methoxyfenozide in Arabidopsis and

at 16 nm methoxyfenozide in tobacco. A correlation

between the severity of the phenotype and expression

levels of the AtZFP11 transgene was noted. The

AtZFP11 level began to decrease in plants treated with

more than 80 nm methoxyfenozide.

The endogenous AtZFP11 expression in wild-type

control Arabidopsis seedlings was extremely low

(4.24 · 103 copies of AtZFP11Ælg)1 of total RNA). In

35S:AtZFP11 Arabidopsis plants, the average AtZFP11

mRNA level observed was 2.98 · 105 copiesÆlg)1 of

total RNA, which is 70.3-fold higher than the

AtZFP11 mRNA level observed in the wild-type

control plants (Fig. 8A). In transgenic Arabidopsis

plants where AtZFP11 was under the control of the

VGCfEVY switch, the AtZFP11 mRNA levels recorded

in the plants treated with 80 nm methoxyfenozide were

6.1-fold and 429.2-fold higher than in the 35S:

AtZFP11-overexpressing plants and wild-type Arabid-

opsis plants, respectively (Fig. 8A).

qRT-PCR analysis of RNA isolated from the

tobacco plants expressing AtZFP11 under the control

of the VGCfEVY gene switch revealed that AtZFP11

expression reached a peak level at 16 nm methoxy-

fenozide, and this accounts for a 30.55-fold increase

over the AtZFP11 mRNA levels observed in dimethyl-

sulfoxime-treated plants. The AtZFP11 mRNA levels

observed in tobacco plants treated with 16 nm

methoxyfenozide were 42.35-fold higher than the

AtZFP11 levels observed in the tobacco plants express-

ing AtZFP11 under the control of the 35S promoter

(Fig. 8B). Furthermore, AtZFP11 expression levels

went down after the VGCfEVY switch reverted to the

uninduced state (Fig. 8B). The qRT-PCR data con-

firmed the reduction in AtZFP11 expression levels

upon withdrawal of the ligand, and within 15 days the

mRNA levels went down in the seedlings that were

transferred from different methoxyfenozide treatments

to medium containing no methoxyfenozide (Fig. 8).

Discussion

The two major findings presented in this article are the

improved EcR monopartite switch and the demonstra-

tion of its utility in regulating the expression of tran-

scription factor in plants. The ability to tightly

regulate gene expression in plants is an essential tool

for the elucidation of gene function. In order to regu-

late the expression of transgenes in plants, a number

of inducible systems have been developed [3–19]. How-

ever, most of the systems are induced by compounds

that are not suitable for agricultural use [3,4,8,9,16,

20–23]. The EcR-based gene switch is one of the best

gene regulation systems available, because the chemical

ligand, methoxyfenozide, required for its regulation is

already registered for field use [38]. EcR has been used

in several inducible gene regulation systems to control

transgene expression in mammalian cells, transgenic

animals, and plants [39]. The EcR gene switches

described to date are mostly in monopartite format,

require high concentrations of chemical ligand for

induction, and show high background activity of the

reporter or transgene in the absence of ligand

[1,2,12,30,31].

We have previously demonstrated the utility of a

two-hybrid EcR gene regulation system that has a

lower background activity in the absence of ligand
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and increased sensitivity and higher magnitude of

induction as compared to the monopartite EcR gene

switch [14,40]. In our earlier studies [14,15], we

focused on the EcR partner, RXR, to optimize the

CfEcR-based gene regulation systems for applications

in plants. In the present study, we attempted to opti-

mize CfEcR by screening different EcR mutants. To

this end, we utilized the CfEcR homology model

developed by Kumar et al. [35], where they identified

17 amino acids that were critical for 20-hydroxyecdy-

sone binding. Mutational analysis at these 17 amino

acids in transactivation assays resulted in the iden-

tification of EcR mutants that were better than

wild-type EcR in terms of ligand sensitivity and

transactivation ability [35].

We screened several EcR mutants, selected three

mutants [H436E; Q454E; V395I + Y415E (VY)], and

performed dose–response studies both in two-hybrid

and in monopartite gene switch formats (Fig. 3).

These studies showed that the CfEcRVY mutant

Fig. 7. Transgenic tobacco seedlings showing the recovery of induced phenotype. (I) Tobacco seedlings that were growing on different con-

centrations of methoxyfenozide were transferred to fresh agar medium containing 300 mgÆL)1 kanamycin, without any added inducer. Pic-

tures were taken immediately after transfer onto the fresh medium. (II) Tobacco seedlings started showing the wild-type phenotype at

15 days after withdrawal of ligand. (A) 0 nM (dimethylsulfoxime); (B) 16 nM; (C) 80 nM; (D) 400 nM; (E) 2000 nM; (F) 10 000 nM.

A 

B 

Fig. 8. Expression of AtZFP11 in transgenic Arabidopsis and tobacco plants. The values in the histogram represent the AtZFP11 expression

levels adjusted to a-tubulin across all samples. Units are given as number of AtZFP11 moleculesÆlg)1 of total RNA. Data represent

an average of three replicates ± SD. (A) Graph showing AtZFP11 expression levels in Arabidopsis seedlings grown for 20 days on

dimethylsulfoxime, and 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nM methoxyfenozide. This graph also shows AtZFP11 expression levels in

35S:AtZFP11 Arabidopsis plants and wild-type control plants (Col ER). (B) Graph showing AtZFP11 expression levels in tobacco seedlings

grown for 1 month on dimethylsulfoxime, and 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nM methoxyfenozide (I) and 15 days after removal of

the ligand (II). This graph also shows the AtZFP11 expression levels in transgenic tobacco developed for the construct where the AtZFP11

gene was cloned under the control of a 35S promoter (35S:AtZFP11) and wild-type control plants (KY160).
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containing a monopartite switch showed a signifi-

cant improvement in induction characteristics when

compared to the switch containing wild-type EcR.

Low background expression levels in the absence of

ligand and high induced expression in the presence

of nanomolar concentrations of methoxyfenozide

were supported by the VGCfEVY monopartite switch

(Fig. 3C). The monopartite VGCfEWt switch requires

micromolar concentrations of ligand for the activa-

tion of genes, and it does not support higher induc-

tion values as compared to the two-hybrid gene

switch [14]. All previous studies utilizing the mono-

partite gene switch composed of EcR from H. vires-

cens [30,31], O. nubilalis [2] or C. fumiferana [1,12]

have required micromolar concentrations of the

chemical ligand to transactivate target gene expres-

sion. However, the monopartite switch with the

CfEcRVY mutant requires only nanomolar concentra-

tions of ligand for transactivation of the luciferase

reporter gene, both in transient expression studies

using tobacco protoplasts, and in transgenic Arabid-

opsis plants (Figs 3 and 4). Transient assays with the

monopartite gene switch constructs containing the

CfEcRVY mutant showed maximum luciferase repor-

ter gene activity in the presence of 80 nm methoxyfe-

nozide, as compared to the monopartite gene switch

containing CfEcRWt, where maximum luciferase lev-

els were observed with the application of 10 lm

methoxyfenozide (Fig. 3C). On the other hand, dose-

dependent induction of luciferase activity in trans-

genic Arabidopsis plants developed for the

p2300VGCfEVY:Luc construct revealed that the max-

imum luciferase expression levels could be observed

with the application of as little as 0.64–80 nm meth-

oxyfenozide, depending on the transgenic line ana-

lyzed (Fig. 4B). On the basis of the transient

expression studies, the sensitivity of the VGCfEVY

switch is 25 times higher than that of the VGCfEWt

switch (Fig. 3D). The sensitivity of the VGCfEVY

switch has been improved by 125–15 625-fold in the

transgenic Arabidopsis plants analyzed as compared

to the transgenic Arabidopsis plants containing the

VGCfEWt switch (Fig. 4B). These results suggest that

mutations at amino acid positions 395 and 415 in

the LBD of CfEcR can be used to improve the sen-

sitivity and lower the background reporter gene

expression of the monopartite gene switch as com-

pared to the wild-type EcR.

To assess the usefulness of the VGCfEVY switch

for applications in plants, we cloned AtZFP11 under

control of the EcR gene switch and introduced it

into both Arabidopsis and tobacco plants. Overex-

pression of AtZFP11 under the CaMV 35S promoter

in tobacco resulted in severely reduced stem elonga-

tion, abnormal leaf shape and sterility, as described

previously [37]. We also had difficulty in recovering

Arabidopsis transgenic plants expressing AtZFP11

under the 35S promoter, as these plants were

severely deformed and dwarfed and did not set seed

(data not shown). Molecular genetic approaches such

as antisense RNA, loss of function, gain of function,

ectopic expression and overexpression cannot be eas-

ily applied to genes that control fundamental pro-

cesses of plant growth, differentiation, and

reproduction [41].

Both Arabidopsis and tobacco transgenic plants

developed for the p2300VGCfEVY:AtZFP11 construct

exhibited the methoxyfenozide-inducible AtZFP11

phenotype. The induced phenotype observed in these

plants is similar to the phenotype observed with

35S:AtZFP11-expressing plants, confirming that the

controlled expression of AtZFP11 is necessary to

recover healthy transgenic plants. Despite the severity

of the induced AtZFP11 phenotype, we did not

observe any differences in development and appear-

ance between noninduced gene switch plants regulat-

ing the AtZFP11 transgene and wild-type control

plants. The induced expression of AtZFP11 achieved

was several times higher than the constitutive expres-

sion mediated by the CaMV 35S promoter (Fig. 8).

The system is very sensitive to methoxyfenozide, with

induction being observed even with the application

of 0.64 nm methoxyfenozide. In addition, the induc-

tion of AtZFP11 was shown to be reversible in

transgenic tobacco plants (Figs 7 and 8). Moreover,

in tobacco seedlings, AtZFP11 transcript levels

declined upon withdrawal of ligand, and plants

began to revert to the normal phenotype (Figs 7

and 8).

In summary, we demonstrated that the change in

two amino acids in the LBD of CfEcR resulted in a

complete change in ligand sensitivity and background

activity of the monopartite gene switch. The system is

very sensitive, and reporter gene induction was

observed with nanomolar concentrations of methoxyfe-

nozide, with reduced background expression levels

similar to that of the two-hybrid gene switch, where

the LmRXR or Hs–LmRXR chimera (CH9) was used

as a partner for CfEcR in inducing the transgene

expression [14,15]. The VGCfEVY switch is also very

effective in both Arabidopsis and tobacco transgenic

plants in regulating expression of AtZFP11 (Figs 5–8).

With this improvement in sensitivity and inducibility,

the new monopartite gene switch containing the

CfEcRVY mutant provides a new tool for regulating a

variety of genes in plants.
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Experimental procedures

DNA manipulations

For transient studies, the EcR (GAL4 DBD:CfEcR), RXR

(VP16 AD:CH9) and reporter ()46 35S:Luc) gene expres-

sion cassettes were cloned in the pKYLX80 vector as

described earlier [14]. The RXR CH9 containing helices 1–

8 from HsRXR and helices 9–12 from LmRXR was used

as a partner for CfEcR in a two-hybrid gene switch. The

DNA sequence coding for the fusion protein of VP16 AD

and RXR CH9 was transferred from the pVP16RXR chi-

mera construct as described in Tavva et al. [15]. The EcR

mutants were prepared as described in Kumar et al. (2002).

The D, E and F domains of CfEcR, both wild-type and

mutants [H436E; Q454E; and V395I + Y415E (VY)] were

cloned downstream of the GAL4 DBD sequence in the pM

vector (BD Biosciences Clontech, San Jose, CA, USA).

The fusion gene, GAL4 DBD:CfEcR, was excised from the

pM vector as an NheI–XbaI fragment and cloned into the

pKYLX80 vector. The monopartite receptor expression

cassette, VGCfE (VP16 AD:GAL4 DBD:CfEcR), was con-

structed by cloning the GAL4 DBD:CfEcR from pM vec-

tor into pVP16 vector. The resultant vector was restricted

with NheI and XbaI and cloned into the VP16 AD:GAL4

DBD:CfEcR fusion gene in the pKYLX80 vector. The

resulting constructs for the two-hybrid gene switch were

designated as pK80VCH9, pK80GCfEWt, pK80GCfEH436E,

pK80GCfEQ454E, and pK80GCfEVY, and for the mono-

partite gene switch were designated as pK80VGCfEWt,

pK80VGCfEH436E, pK80VGCfEQ454E and pK80VGCfEVY

(Fig. 2A–I). The reporter construct (pK80-46 35S:Luc) was

generated by cloning the luciferase gene under the control

of a CaMV 35S minimal promoter ()46 to +5 bp) and five

copies of the GAL4 REs (Fig. 2J).

For the construction of a binary vector for plant trans-

formation, the GAL4 DBD:CfEcR fusion gene was cloned

under the FMV (figwort mosaic virus) promoter and Ubi

(ubiquitin 3) terminator sequence, and the VP16 AD:CH9

fusion gene was cloned under the MMV (mirabilis mosaic

virus) promoter and OCS (Agrobacterium tumefaciens

octopine synthase) polyA sequences. The FMV and MMV

promoter-driven expression cassettes were assembled into

pSL301 vectors. The reporter and receptor expression cas-

settes were excised with appropriate restriction enzymes

and assembled into the pCAMBIA2300 vector (CAMBIA,

Canberra, Australia) for plant transformation. The binary

vectors constructed for two-hybrid and monopartite gene

switches were designated as p2300CfEVY:CH9:Luc and

p2300VGCfEVY:Luc respectively (Fig. 2K,L).

Construction of p2300VGCfEVY:AtZFP11

The AtZFP11 sequence was amplified from cDNA

prepared from the total RNA isolated from Arabidopsis

seedlings. Oligonucleotide primers were synthesized to

include the restriction enzyme XhoI site adjacent to the

ATG start codon and SacI downstream of the TAA stop

codon for easy cloning in the forward and reverse primers,

respectively (forward, 5¢-ctc gag ATG AAG AGA ACA

CAT TTG GCA-3¢; reverse, 5¢-gag ctc TTA GAG GTA

GCC TAG TCG AAG-3¢). The resulting PCR product was

cloned into the pGEM�-T Easy vector (Promega Corpora-

tion, Madison, WI, USA), and the sequence was verified.

The XhoI–SacI (in lower-case letters in the primers above)

AtZFP11 fragment was excised and cloned into the XhoI–

SacI site of the pK80-46 35S vector. The entire cassette

()46 35S:AtZFP11:rcbcS T) was taken from the pK80-46

35S vector and cloned into the pCAMBIA 2300 plasmid

(CAMBIA, Canberra, Australia) along with the VGCfEVY

expression cassette for plant transformation. The resultant

binary vector was designated as p2300VGCfEVY:AtZFP11

(Fig. 2M). The 35S:AtZFP11:rbcS T cassette taken from

the pKYLX80 vector was cloned into pCAMBIA2300 to

generate transgenic tobacco and Arabidopsis plants that

constitutively expressed AtZFP11 (Fig. 2N). The pCAM-

BIA2300 binary vector also has the kanamycin resistance

gene expression cassette for transgenic plant selection (not

shown in Fig. 2).

Transient expression studies

Transient expression studies were carried out by isolating

protoplasts from cell suspension cultures of tobacco (Nicoti-

ana tabacum cv. Xanthi-Brad). A detailed description of the

isolation and electroporation of protoplasts has been given

previously [14].

Dose–response study with tobacco protoplasts

The performance of different EcR mutants in inducing

luciferase reporter gene activity in the two-hybrid

switch format was tested by coelectroporating pK80-46

35S:Luc, pK80VCH9 and pK80GCfE (pK80GCfEWt,

pK80GCfEH436E, pK80GCfEQ454E or pK80GCfEVY) con-

structs, and the monopartite switch was tested by

coelectroporating pK80-46 35S:Luc and pK80VGCfE

(pK80VGCfEWt, pK80VGCfEH436E, pK80VGCfEQ454E or

pK80VGCfEVY). Electroporated protoplasts were resus-

pended in 1 mL of growth medium containing different

concentrations of methoxyfenozide, 0 (dimethylsulfoxime

control), 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nm.

Methoxyfenozide stock solutions were made in di-

methylsulfoxime and diluted 1000-fold in protoplast growth

medium. At 24 h after addition of ligands, the protoplasts

were collected by centrifugation and lysed in 100 lL of 1·
passive lysis buffer (Promega Corporation). Twenty microli-

ters of protoplast lysate was loaded into each well of a

96-well plate, and luciferase activity was measured in a plate
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reader Luminometer (Fluroscan Ascent FL Thermo labsys-

tem, Milford, MA, USA), using a luciferase assay system

(Promega Corporation). The protein content in the proto-

plast extract was measured using the Bradford reagent

(Bio-Rad Laboratories, Hercules, CA, USA).

Plant tissue culture

A. thaliana (L.) Heynth. ecotype Columbia ER and

N. tabacum variety KY160 (University of Kentucky

Tobacco Breeding Program) were used for plant transfor-

mation experiments. The binary vectors constructed for

plant transformation were mobilized into Ag. tumefaciens,

strain GV3850, by the freeze–thaw method. Arabidopsis

plants were transformed using the whole plant-dip

method [42]. Transgenic Arabidopsis plants were selected

by germinating the seeds collected from the infiltrated

plants on a medium containing 50 mgÆL)1 kanamycin.

Resistant T1 plants surviving on kanamycin-containing

medium were transferred to soil and then moved to a

greenhouse for further analysis. Tobacco plants were trans-

formed by employing standard leaf disk transformation pro-

tocols and media recipes [43]. The analysis of transgenic

plants for luciferase and AtZFP11 induction levels was car-

ried out on T2 generation lines. The transgenic lines used in

all the experiments were screened on kanamycin-containing

medium.

Dose–response study with T2 Arabidopsis plants

generated for the p2300GCfEVY:VCH9:Luc and

p2300VGCfEVY:Luc constructs

Seeds collected from five T2 Arabidopsis lines were plated

on agar medium containing 50 mgÆL)1 kanamycin and dif-

ferent concentrations of methoxyfenozide (0, 0.64, 3.2, 16,

80, 400, 2000 and 10 000 nm). Seeds were allowed to germi-

nate and grow on this medium for 20 days at 25 �C, under
16 h of light and 8 h of dark. Three seedlings from each

plate were collected separately and ground in 100 lL of

1· passive lysis buffer (Promega Corporation), and lucifer-

ase activity was measured.

Dose–response study with T2 Arabidopsis and

tobacco plants generated for the

p2300VGCfEVY:AtZFP11 construct

Seeds collected from the T2 Arabidopsis and tobacco plants

were plated on agar media containing appropriate amounts

of kanamycin and different concentrations of methoxyfe-

nozide (0, 0.64, 3.2, 16, 80, 400, 2000 and 10 000 nm). The

seeds were allowed to germinate and grow on the induction

media for 20 days in the case of Arabidopsis and for

4 weeks in the case of tobacco, at 25 �C, under 16 h of

light and 8 h of dark.

Microscopy

The transgenic Arabidopsis seedlings expressing AtZFP11

under the VGCfEVY switch were placed on a glass slide and

viewed under a Zeiss Stemi SV11 stereo microscope attached

to a transilluminating base (Diagnostic Instruments, Sterling

Heights, MI, USA). Photographs were taken using an Axio-

Cam MRc 5 camera that was attached to the microscope.

Image analysis was carried out with axiovision 4.1 software,

and collages were mounted using photoshop (Adobe

Systems, Inc., San Jose, CA, USA).

qRT-PCR

The expression levels of AtZFP11 in transgenic tobacco

and Arabidopsis plants were estimated by qRT-PCR, using

SYBR Green I [44]. Total RNA was isolated from 100 mg

of tobacco and Arabidopsis seedlings using 1 mL of TRIzol

reagent (Invitrogen, Life Technologies, Carlsbad, CA,

USA). The total RNA isolated using TRIzol reagent was

purified by running the samples through Qiagen columns

(RNeasy Plant Mini Kit; Qiagen Inc., Valencia, CA, USA)

combined with an on-column DNase digestion (RNase-Free

DNase set; Qiagen Inc.) to ensure DNA-free RNA prepara-

tions. First-strand cDNA was synthesized using the Strata-

Script First Strand synthesis system (Stratagene, Cedar

Creek, TX, USA). DNase-treated RNA samples were tested

for genomic DNA contamination by using the minus

reverse transcriptase (–RT) controls in parallel with

qRT-PCR reactions.

Real-time PCR quantification of the AtZFP11 transcript

was performed by designing specific oligonucleotide primers

using primerquest software (Integrated DNA Technolo-

gies, Coralville, IA, USA) to amplify a 165 bp fragment

(forward, 5¢-TCC CAT GGC CTC CCA AGA ATT ACA-

3¢; reverse, 5¢-GGT TTG CAA TAG GTG TGT GGT

GGT-3¢). PCRs were carried out in an iCycler iQ detection

system (Bio-Rad Laboratories), using SYBR Green I to

monitor dsDNA synthesis. Serial dilutions (10)3–

102 pgÆlL)1) of the control plasmid (AtZFP11 cloned in

pGEM-T Easy vector) were used as an external control to

generate a standard curve. For negative controls, the

cDNA samples of wild-type untransformed tobacco and

Arabidopsis and DNase-treated – RT controls were used.

Real-time PCR amplification was performed in a total vol-

ume of 20 lL of reaction mixture containing 1 lL of

cDNA or control plasmid, gene-specific primers, SYBR

Green I (Molecular Probes, Eugene, OR, USA) and Plati-

num Taq DNA polymerase (Invitrogen, Life technologies).

Each sample was loaded in triplicate, and the experiments

were repeated twice using the following thermal cycling

program conditions: initial denaturation for 2 min at 95 �C;
30 s at 95 �C, 30 s at 55 �C, and 30 s at 72 �C for 35 cycles;

and a 5 min extension at 72 �C.

Improvement of EcR gene switch V. S. Tavva et al.

2174 FEBS Journal 275 (2008) 2161–2176 ª 2008 FEBS No claim to original US government works



Melt curve analysis [45] was done to characterize the

gene-specific dsDNA product by slowly raising the tempera-

ture (0.2 �CÆ10 s)1) from 60 �C to 95 �C, with fluorescence

data being collected at 0.2 �C intervals. The starting

amount of the AtZFP11 transcript in each sample was cal-

culated using a standard curve (logarithm of the starting

quantity versus threshold cycle) generated for AtZFP11–

pGEM-T Easy plasmid dilutions by the iCylcer iQ Optical

System Software (Bio-Rad Laboratories).

In order to compare the AtZFP11 transcript levels from

different transgenic plants, the average starting quantity of

AtZFP11 was normalized to the average starting quantity

of the a-tubulin gene, which is assumed to be at a constant

levels in all the samples. The Arabidopsis (forward, 5¢-AAG

GCT TAC CAC GAG CAG CTA TCA-3¢; reverse, 5¢-ACA

GGC CAT GTA CTT TCC GTG TCT-3¢) and tobacco

(forward, 5¢-ATG AGA GAG TGC ATA TCG AT-3¢;
reverse, 5¢-TTC ACT GAA GGT GTT GAA-3¢) a-tubulin-
specific primers amplified a 108 bp and a 240 bp fragment,

respectively.

Acknowledgements

We thank Kay McAllister, Jeanne Prather, Elizabeth

Scovillie and Ray Stevens for technical and green-

house help. We also thank Dr Indu Maiti, University

of Kentucky, for providing tobacco suspension cul-

tures and for the plasmids containing the MMV and

FMV promoters. This research was supported by

funds provided by the Kentucky Tobacco Research

and Development Center, University of Kentucky.

This paper (No. 07-06-068) is published with the

approval of the Director of the Kentucky Agricul-

tural Experiment Station.

References

1 Koo JC, Asurmendi S, Bick J, Woodford-Thomas T &

Beachy RN (2004) Ecdysone agonist-inducible expres-

sion of a coat protein gene from tobacco mosaic virus

confers viral resistance in transgenic Arabidopsis. Plant

J 37, 439–448.

2 Unger E, Cigan AM, Trimnell M, Xu RJ, Kendall T,

Roth B & Albertsen M (2002) A chimeric ecdysone

receptor facilitates methoxyfenozide-dependent restora-

tion of male fertility in ms45 maize. Transgenic Res 11,

455–465.

3 Samalova M, Brzobohaty B & Moore I (2005)

pOp6 ⁄LhGR: a stringently regulated and highly respon-

sive dexamethasone-inducible gene expression system

for tobacco. Plant J 41, 919–935.

4 Aoyama T & Chua NH (1997) A glucocorticoid-medi-

ated transcriptional induction system in transgenic

plants. Plant J 11, 605–612.

5 Bohner S, Lenk II, Rieping M, Herold M & Gatz C

(1999) Technical advance: transcriptional activator

TGV mediates dexamethasone-inducible and tetracy-

cline-inactivatable gene expression. Plant J 19, 87–95.

6 Bruce W, Folkerts O, Garnaat C, Crasta O, Roth B &

Bowen B (2000) Expression profiling of the maize flavo-

noid pathway genes controlled by estradiol-inducible

transcription factors CRC and P. Plant Cell 12, 65–80.

7 Caddick MX, Greenland AJ, Jepson I, Krause KP, Qu

N, Riddell KV, Salter MG, Schuch W, Sonnewald U &

Tomsett AB (1998) An ethanol inducible gene switch

for plants used to manipulate carbon metabolism. Nat

Biotechnol 16, 177–180.

8 Craft J, Samalova M, Baroux C, Townley H, Martinez

A, Jepson I, Tsiantis M & Moore I (2005) New

pOp ⁄LhG4 vectors for stringent glucocorticoid-depen-

dent transgene expression in Arabidopsis. Plant J 41,

899–918.

9 Gatz C, Frohberg C & Wendenburg R (1992) Stringent

repression and homogeneous de-repression by tetracy-

cline of a modified CaMV 35S promoter in intact trans-

genic tobacco plants. Plant J 2, 397–404.

10 Love J, Allen GC, Gatz C & Thompson WF (2002)

Differential Top10 promoter regulation by six tetracy-

cline analogues in plant cells. J Exp Bot 53, 1871–1877.

11 Martinez A, Scanlon D, Gross B, Perara SC, Palli SR,

Greenland AJ, Windass J, Pongs O, Broad P & Jepson

I (1999) Transcriptional activation of the cloned Helio-

this virescens (Lepidoptera) ecdysone receptor (HvEcR)

by muristeroneA. Insect Biochem Mol Biol 29, 915–930.

12 Padidam M, Gore M, Lu DL & Smirnova O (2003)

Chemical-inducible, ecdysone receptor-based gene

expression system for plants. Transgenic Res 12, 101–109.

13 Roslan HA, Salter MG, Wood CD, White MR, Croft

KP, Robson F, Coupland G, Doonan J, Laufs P, Tom-

sett AB et al. (2001) Characterization of the ethanol-

inducible alc gene-expression system in Arabidopsis

thaliana. Plant J 28, 225–235.

14 Tavva VS, Dinkins RD, Palli SR & Collins GB (2006)

Development of a methoxyfenozide-responsive gene

switch for applications in plants. Plant J 45, 457–469.

15 Tavva VS, Dinkins RD, Palli SR & Collins GB (2007)

Development of a tightly regulated and highly inducible

ecdysone receptor gene switch for plants through the

use of retinoid X receptor chimeras. Transgenic Res 16,

599–612.

16 Weinmann P, Gossen M, Hillen W, Bujard H & Gatz

C (1994) A chimeric transactivator allows tetracycline-

responsive gene expression in whole plants. Plant J 5,

559–569.

17 Zuo J, Niu QW & Chua NH (2000) Technical advance:

an estrogen receptor-based transactivator XVE mediates

highly inducible gene expression in transgenic plants.

Plant J 24, 265–273.

V. S. Tavva et al. Improvement of EcR gene switch

FEBS Journal 275 (2008) 2161–2176 ª 2008 FEBS No claim to original US government works 2175



18 Deveaux Y, Peaucelle A, Roberts GR, Coen E, Simon

R, Mizukami Y, Traas J, Murray JA, Doonan JH &

Laufs P (2003) The ethanol switch: a tool for tissue-spe-

cific gene induction during plant development. Plant J

36, 918–930.

19 Sakvarelidze L, Tao Z, Bush M, Roberts GR, Leader

DJ, Doonan JH & Rawsthorne S (2007) Coupling the

GAL4 UAS system with alcR for versatile cell type-spe-

cific chemically inducible gene expression in Arabidopsis.

Plant Biotechnol J 5, 465–476.

20 Mett VL, Lochhead LP & Reynolds PH (1993) Copper-

controllable gene expression system for whole plants.

Proc Natl Acad Sci USA 90, 4567–4571.

21 Williams S, Friedrich L, Dincher S, Carozzi N & Kess-

mann H (1992) Chemical regulation of Bacillus thuringi-

ensis – endotoxin expression in transgenic plants.

BioTechnology 10, 540–543.

22 Padidam M (2003) Chemically regulated gene expres-

sion in plants. Curr Opin Plant Biol 6, 169–177.

23 Palli SR (2005) Gene switches for regulation of biopesti-

cide genes. Biopesticide Int 1, 1–12.

24 Garoosi GA, Salter MG, Caddick MX & Tomsett AB

(2005) Characterization of the ethanol-inducible alc gene

expression system in tomato. J Exp Bot 56, 1635–1642.

25 Sweetman JP, Chu C, Qu N, Greenland AJ, Sonnewald

U & Jepson I (2002) Ethanol vapor is an efficient indu-

cer of the alc gene expression system in model and crop

plant species. Plant Physiol 129, 943–948.

26 Salter MG, Paine JA, Riddell KV, Jepson I, Greenland

AJ, Caddick MX & Tomsett AB (1998) Characterisa-

tion of the ethanol-inducible alc gene expression system

for transgenic plants. Plant J 16, 127–132.

27 Roberts GR, Garoosi GA, Koroleva O, Ito M, Laufs

P, Leader DJ, Caddick MX, Doonan JH & Tomsett

AB (2005) The alc-GR system: a modified alc gene

switch designed for use in plant tissue culture. Plant

Physiol 138, 1259–1267.

28 Schena M, Lloyd AM & Davis RW (1991) A steroid-

inducible gene expression system for plant cells. Proc

Natl Acad Sci USA 88, 10421–10425.

29 Lloyd AM, Schena M, Walbot V & Davis RW (1994)

Epidermal cell fate determination in Arabidopsis: pat-

terns defined by a steroid-inducible regulator. Science

266, 436–439.

30 Martinez A, Sparks C, Drayton P, Thompson J, Green-

land A & Jepson I (1999) Creation of ecdysone receptor

chimeras in plants for controlled regulation of gene

expression. Mol Gen Genet 261, 546–552.

31 Martinez A, Sparks C, Hart CA, Thompson J & Jepson

I (1999) Ecdysone agonist inducible transcription in

transgenic tobacco plants. Plant J 19, 97–106.

32 Christopherson KS, Mark MR, Bajaj V & Godowski

PJ (1992) Ecdysteroid-dependent regulation of genes in

mammalian cells by a Drosophila ecdysone receptor and

chimeric transactivators. Proc Natl Acad Sci USA 89,

6314–6318.

33 No D, Yao TP & Evans RM (1996) Ecdysone-inducible

gene expression in mammalian cells and transgenic

mice. Proc Natl Acad Sci USA 93, 3346–3351.

34 Billas IM, Iwema T, Garnier JM, Mitschler A, Rochel

N & Moras D (2003) Structural adaptability in the

ligand-binding pocket of the ecdysone hormone recep-

tor. Nature 426, 91–96.

35 Kumar MB, Fujimoto T, Potter DW, Deng Q & Palli

SR (2002) A single point mutation in ecdysone receptor

leads to increased ligand specificity: implications for

gene switch applications. Proc Natl Acad Sci USA 99,

14710–14715.

36 Kumar MB, Potter DW, Hormann RE, Edwards A,

Tice CM, Smith HC, Dipietro MA, Polley M, Lawless

M, Wolohan PR et al. (2004) Highly flexible ligand

binding pocket of ecdysone receptor: a single amino

acid change leads to discrimination between two groups

of nonsteroidal ecdysone agonists. J Biol Chem 279,

27211–27218.

37 Dinkins RD, Pflipsen C & Collins GB (2003) Expres-

sion and deletion analysis of an Arabidopsis SUPER-

MAN-like zinc finger gene. Plant Sci 165, 33–41.

38 Dhadialla TS, Carlson GR & Le DP (1998) New insec-

ticides with ecdysteroidal and juvenile hormone activity.

Annu Rev Entomol 43, 545–569.

39 Palli SR, Hormann RE, Schlattner U & Lezzi M (2005)

Ecdysteroid receptors and their applications in agricul-

ture and medicine. Vitam Horm 73, 59–100.

40 Palli SR, Kapitskaya MZ, Kumar MB & Cress DE

(2003) Improved ecdysone receptor-based inducible gene

regulation system. Eur J Biochem 270, 1308–1315.

41 Moore I, Galweiler L, Grosskopf D, Schell J & Palme

K (1998) A transcription activation system for regulated

gene expression in transgenic plants. Proc Natl Acad Sci

USA 95, 376–381.

42 Clough SJ & Bent AF (1998) Floral dip: a simplified

method for Agrobacterium-mediated transformation of

Arabidopsis thaliana. Plant J 16, 735–743.

43 Schardl CL, Byrd AD, Benzion G, Altschuler MA, Hil-

debrand DF & Hunt AG (1987) Design and construc-

tion of a versatile system for the expression of foreign

genes in plants. Gene 61, 1–11.

44 Tavva VS, Collins GB & Dinkins RD (2006) Targeted

overexpression of the Escherichia coli MinC protein in

higher plants results in abnormal chloroplasts. Plant

Cell Rep 25, 341–348.

45 Ririe KM, Rasmussen RP & Wittwer CT (1997) Prod-

uct differentiation by analysis of DNA melting curves

during the polymerase chain reaction. Anal Biochem

245, 154–160.

Improvement of EcR gene switch V. S. Tavva et al.

2176 FEBS Journal 275 (2008) 2161–2176 ª 2008 FEBS No claim to original US government works


